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Abstract. - Extended Hückel (EHT) calculations have been used to discuss the two alternative
s-bond C-H metathesis reactions which occur with organo-lanthanide (Ln = Y, Lu) compounds.
The two reactions lead either to H/H (H/D) exchange or to metalation and have been modelled by
studying the interaction of a Cp2Ln
+ fragment with [H-R-H]- and [R-H-H]- respectively. It is shown
that the metallic fragment interacts in a similar way with the two organic fragments and that the
preference for one of the two paths is linked to the bonding within the organic fragment. H/D
exchange is shown to be easier for R = aryl than for R = alkyl because an sp2 carbon can better
stabilize the [H-R-H]- moiety than can an sp3 carbon. This is in agreement with the available
experimental data where Ln = Sc, Y and Lu and is also related to the ability of an aryl moiety to
stabilize nucleophiles as seen in Meisenheimer salts.
Key words : Organo-lanthanide, Y, Lu, molecular orbitals, EHT, H/H exchange, metalation.
Résumé. - Activation de la liaison C-H par les hydrures d’yttrium et de lutétium : Échange
H/D vs métalation du composé carboné. Importance de l’état d’hybridation du carbone en
position a. Des calculs Hückel étendus (EHT) ont été entrepris pour discuter les deux réactions
de métathèse de la liaison C-H qui peuvent se produire en présence d’organo-lanthanides
(Ln = Y, Lu). Ces réactions qui conduisent soit à l’échange H/H (H/D) soit à la métalation ont été
modélisées en étudiant l’interaction d’un fragment Cp2Ln
+ avec respectivement [H-R-H]- et
[R-H-H]-. Il est montré que le fragment métallique interagit de façon très similaire avec les deux
fragments organiques. La préférence pour l’un des deux chemins est liée à la nature des liaisons
présentes à l’intérieur des fragments organiques. L’échange H/D est plus aisé pour R = aryle que
pour R = alkyle car un carbon sp2 stabilise mieux le fragment [H-R-H]- qu’un carbon sp3. Ces
résultats sont en accord avec l’ensemble des résultats expérimentaux lorsque Ln = Sc, Y et Lu.
Ils sont également en accord avec la capacité d’un groupe aryle de stabiliser des nucléophiles
comme dans les sels de Meisenheimer.
Introduction
In our work on organo-yttrium compounds 1 we have seen
evidence for an alternative s-bond metathesis mechanism,
leading to H/D exchange between a yttrium-hydride
complex and deuterated arenes (eq 1). In addition,
the  more common s-bond metathetical metalation of
arenes was also observed (eq 2). For toluene, H/D
exchange took place mainly at the aryl positions while
metalation  occurred  solely  at  the  benzylic  position  to
yield Cp*2YCH2Ph. We therefore have two different types
of C-H bond activation, Since the H/D exchange occurs
significantly faster than the metalation reaction, this
suggests that the two reactions proceed via two different
transition structures. A mechanism involving the direct
(concerted) transfer of a hydrogen atom by a deuterium
atom was thus proposed to account for the observation of
H/D exchange. Such a process would involve transition
state 1, in  which  the  aryl  group  is  positioned  on  the  C2
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axis of the C2v symmetric Cp*2Y fragment. A transition
state of type 2 would lead to s-bond metalation.
(Cp*2YH)2 + 2 RD ® (Cp*2YD)2 + 2 RH (1)
(Cp*2YH)2 + 2 RH ® 2 Cp*2YR + 2 H2 (2)
R = Ph, CH2Ph
Normally, C-H activation of hydrocarbons by early
transition metal and f-element complexes (eq 3) involves
a four-centered transition state of type 2. For these
complexes, oxidative addition is excluded by the d0
electron configuration which prevents changes in this
formal oxidation state. C-H activation reactions of this
type have been studied for Sc and Lu by Bercaw 2 and
Watson et al. 3, respectively.
LnMR + R´H ® LnMR´ + RH (3)
The nature of the mechanism of s-b nd metathesis
reactions for R and R´ = H, alkyl has been addressed by
several theoretical approaches 4-6. Recently, Ziegler
et al. 7, using density functional theory, have implicated a
transition state of type 3 in the reactions of scandium
complexes. Several authors have pointed out that the
position opposite to the metal in the four member ring of
the transition structure is not well suited to accomodate
an alkyl group, as the sp3 hybrid orbital involved is
poorly orientated to overlap efficiently with centers other
than its own hydrogen 2, 7.
Our results for Y are similar to those obtained for the
corresponding Sc and Lu complexes, although in these
latter cases no alternative s-bond metathesis mechanism
was proposed. A transition state analogous to 1, leading to
H/D exchange between acetylene and Cl2ScH, was
discarded due to a high activation barrier 6. In this case,
the reactions giving either s-bond metalation or insertion
(to yield a vinyl complex) were calculated to involve
lower activation energies and the experimental
observation of H/D exchange was thought to arise from
the reversibility of the metalation reaction. The selectivity
of  the  reactions  of  our  yttrium  system  with  d8-toluene
suggested that the metalation product was not on the same
reaction path as H/D exchange. However, the reaction
paths of such processes have not been examined for other
hydrocarbons than acetylene 6 and we therefore decided to
perform a theoretical study of structures corresponding to
transition states 1 and 2. The competition between H/D
exchange (via 1) and metalation reaction (via 2) was
studied for R = Ph and R = Me. Calculations were
performed using the extended Hückel theory (EHT) 8.
Results and discussion
Computational details
No atomic parameters for Y are available in the literature
for EHT calculations. We therefore did our calculations on
the corresponding Lu 5 complex since the reactivity of
these metals is similar 1 and the f-electrons are thought to
be of no chemical importance 5. Atomic parameters for
Zr 8b with atomic d levels at -10.5 eV were used for Y. As
expected, the results of the calculations do not depend
significantly on the atomic parameters of the metal. For
simplicity, cyclopentadienyl (Cp) ligands were used to
model permethylated cyclopentadienyl (Cp*) groups. The
geometry of the transition states 1 and 2 was determined
following the strategy employed by Hoffmann et al. in
their study of the methane exchange reaction with
Cp2LuMe 
5. Both the hydrocarbyl (R = Ph, Me) and the
hydride groups of the [H-R-H] and [R-H-H] fragments
were placed in the plane of symmetry between the Cp
rings and within bonding distances to the metal center. In
all cases the angle q between the two metal ligand bonds
was kept fixed at 70° by analogy with the geometry of
related transition states 5, 7.
H/H exchange vs metalation
The models for the transition states used for the
calculations are shown in  Figure 1  (4  and  5  for  R = Ph,
H/H exchange Metalation
[R = Ph (5) R = Me (7)] [R = Ph (4) R = Me (6)]
Figure 1. - Geometries adopted for model transition states leading to
metalation and H/H scrambling. All distances kept constant throughout
(Lu-H = 1.900 Å, Lu = 2.600 Å, R-H = 1.509 Å and H-H (4 and 6) =
1.143 Å. q was maintained at 70°. The central atom of the 4-centered
transition state was placed on the C2v axis of the Cp2Lu group. Standard
geometries were employed within the Cp ligands. The Lu-Cp(centroid)
distance was 2.850 Å.
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6 and 7 for R = Me for metalation and H/H exchange
reactions respectively).
We first studied the orientational preference of the R
group in structures 4-7. For R = Ph, a clear preference for
the conformation with the phenyl group oriented
perpendicular to the mirror plane between the Cp rings
was found (i.e. w = 90° with w being defined as the angle
between the H-Lu-H and Ph planes). For the H/H
exchange reaction (5) this orientation was calculated to
be favored by 95 kcal/mol relative to the situation with w
= 0° (Fig. 2). For the metalation reaction (4) the
preference for w = 90° over w = 0° is smaller (21
kcal/mol). No such orientational preference is seen in the
case of R = Me where this group can take any orientation
in 6 and 7. The strong orientational preference in the case
of R = Ph is clearly due to the fact that Ca (the carbon
atom directly involved in the 4-centered transition states)
in both 4 and 5 is planar for w = 0° and closer to a normal
tetrahedral geometry for w = 90°. Although steric
hindrance between the phenyl and the Cp rings reduces
somewhat the preference for w = 90° in the case of the
metalation reaction, this value was employed throughout
the subsequent calculations.
Figure 2. - Energy dependence of transition states 4 and 5 on w.
w is defined as the angle between the planes of the phenyl ring
and the H-Lu-H fragment, illustrated for transition state 5.
The calculations indicate that 4 is more stable than 5 by
8.3 kcal/mol while 6 is preferred over 7 by more than 56
kcal/mol. Although the calculations do not give an
absolute preference for the H/H exchange reaction, they
clearly indicate that the H/H exchange is considerably
more accessible in the case of benzene than in the case
of methane. Despite the limitations of EHT approach
this qualitative agreement between calculation and
experimental data is satisfying. We now proceed to
investigate the factors which facilitate the H/H exchange
for sp2 carbon centers by analyzing the interaction of the
various [H-R-H]- and [R-H-H]- fragments with the
common [Cp2Ln]
+ moiety in structures 4-7.
The orbitals of Cp2Ln
+, shown in Figure 3, have been
discussed by Hoffmann et al. 5. The three lowest metal
o bitals (1 a1, b2, 2 a1) lie in the mirror plane of the
Cp2Ln
+ group. These orbitals lie above the p*(Cp) orbitals
because of the very high energy of the valence orbitals of
Ln. Despite this, one can focus on these metal-centered
orbitals and neglect the lower p*(Cp) orbitals as the
organic ligands interact only with the metal center. The
basic frontier molecular orbitals of the [H-R-H]- and
[R-H-H]- fragments are schematically represented in 8
(shown for [H-R-H]-). They are best understood in terms
of an allylic orbital system constructed from the two 1 s
orbitals of the H centers and the s hybrid which is the
HOMO of an R- group. This allylic set of orbitals is
perturbed by low symmetry and delocalization into the
orbitals of the R group (this delocalization will be of
spe ial importance for R = Ph). However the characteristic
pattern of an all-bonding orbital (8a, 1 symmetry), a non-
bonding orbital mostly located on the outside groups (8b,
b2 symmetry), and an all antibonding orbital (8c, a1
symmetry) is present in both fragment types.
The lowest orbital, 8a overlaps with the 1 a1 and 2 a1 of
the Cp2Ln
+ fragment and formally donates two electrons
to the metal center. However due to the large energy gap
between the deep 8a orbital and the metal orbitals this
interaction is weak and would not differentiate between
the two transition states. It needs not be considered in the
following. The 8c orbital is empty and is therefore not
used for building a bonding interaction with a d0 met l
center. The most important interaction between the
organic fragments and the metal orbitals comes from the
HOMO 8b. This orbital is perfectly set to interact strongly
with the metal b2 orbital because of strong overlap and
energy proximity. This is the only interaction we need to
consider. What remains to be discussed is how this
interaction can differentiate between the two transition
states as a function of R.
In the case of R = Ph, the energy of the 8b orbital
is essentially at the same energy for the two
organic  fragments,  [H-R-H]-  (-11.22  eV)  and  [H-R-H]-
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Figure 3. - Frontier molecular orbitals of Cp2Ln+ fragments.
(-10.95 eV) (Fig. 4 top). The interaction between these
orbitals and the empty b2 metal orbital is therefore very
similar in both 4 and 5 and their in-phase bonding
combinations are at -11.80 and -11.38 eV respectively.
This results in transition state 4 (metalation) being only
slightly more stable than 5 (H/H exchange) by 8.3
kcal/mol.
The replacement of Ph by Me brings about a dramatic
change in the energy patterns of the 8b-like orbitals of the
resultant organic fragments [H-Me-H]- and [Me-H-H]-
(Fig. 4 bottom). There is now an important energy
difference between the two b2 rbitals, that of the
[H-Me-H]- fragment (-10.18 eV) being 1.7 eV higher in
energy than that of the [Me-H-H]- fragment. The
interaction with the metal b2 orbital is thus larger in the
case of [H-Me-H]-, due to a better energy match, and the
resultant in-phase combination considerably stabilized
(Fig. 4 bottom, left hand side). Despite this however, the
bonding combination of the b2 orbitals remains 1.2 eV
higher in the transition structure 7 for the H/H exchange
reaction (-11.39 eV) th an in the transition structure 6 for
the metalation reaction (-12.61 eV). The difference in
energy between these two orbitals accounts well for the
difference in the total energies between the two transition
states (56 kcal/mol). The metalation reaction is strongly
preferred over the H/H exchange reaction in the case of R
= alkyl.
Figure 4. - Orbital interaction diagrams representing the major
interactions between [H-H-R]- and [H-R-H]- organic fragments and
Cp2Lu+. R = Ph (above), R = Me (below).
The nature of the organic fragments, [H-R-H]- or
[R-H-H]-, is thus of considerable importance in
determining the preferred reaction path. In order to
check that our hypothetical geometries for the transition
structures do not exert too great an influence on our
results, we have looked at the reorientation of the phenyl
group by varying the angle c (9). A minimum is found
at  c = 30°  leading  to  a  stabilization  of  6 kcal/mol  of
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transition structure 4. This is caused by a better overlap
within the [Ph-H-H]- fragment resulting in a lowering of
the energy of its HOMO. For the other transition
structure 5 there is no possibility for reorientation of the
phenyl group. As a result, 4 is now favored over 5 by 14
kcal/mol. It would be certainly hazardous to use further
the EHT methodology for a more thorough search for
the geometries, of the transition states involved in these
systems. The fact remains, however, that the energy
difference between 4 and 5 is still much smaller than
that between 6 and 7 which is an indication that the H/H
exchange is favored by the presence of an a sp2 c rbon
in R-H.
The above calculations were performed for Lu. Similar
calculations with reasonable parameters for Y (see
computational details) and identical geometrical
parameters gave comparable results. This indicates in
our opinion that, other factors being equal, similar
results should apply to any d0 Ln center.
Bonding within the [H-R-H]-
and [R-H-H]- fragments
As is evident from the MO diagrams of Figure 4, the
differences in energy between the transition states for
metalation and H/H exchange are mainly associated to
the different bonding situation withi  the [R-H-H]- and
[H-R-H]- fragments and, to a lesser extent, with their
interaction with the d0 Cp2Ln
+ fragment. When R = Me,
the large energy difference between 6 and 7 is mainly
due to the energy difference between the HOMOs of the
[Me-H-H]- and [H-Me-H]- fragments (-11.84 and -10.18
eV respectively). When R = Ph, the difference in energy
between the HOMOs of [Ph-H-H]- and [H-Ph-H]-
fragments is much smaller (-11.22 and -10.95 eV
respectively) resulting in the comparable energies of 4
and 5. To pinpoint the factors which determine the
energy of the HOMOs in these systems, we analyzed the
bonding within the [R-H-H]- and [H-R-H]- fragments
themselves.
Figures 5 and 6 show the four sets of molecular orbitals
formed from the interaction of R with both H · · · H
fragments. The geometries used are those found in
transition states 4-7. When R = Me (Fig. 5) the HOMO
of [H-Me-H]- consists of the antibonding combination
of pxMe, and s*HH. It is high in energy because of a good
energy match, a strong overlap between the two orbitals,
and the absence of any higher lying orbital which
could stabilize this combination. For [Me-H-H]-, where
the symmetry is much lower, the HOMO originates
mostly from the high lying s lone pair (HOMO) of
Me-, destabilized by the in-phase combination of the
H · · · H  (sHH)  moiety  and  stabilized  by  the  out-of
phase combination (s*HH) of the same fragment. Under
these opposing influences the energy of the HOMO of
[Me-H-H]- is thus close to that of the lone pair of Me-. It
is much higher in the case of [H-Me-H]- b cause only a
destabilizing interaction is present. This results in a large
differ nce of total energy (86 kcal/mol) between
[Me-H-H]- and [H-Me-H]- in favor of the former.
When R = Ph the picture is totally different (Fig. 6). In
the H/H exchange case, two occupied and two empty p
phenyl orbitals have the proper symmetry to combine
with s*HH. Because of energy proximity, the main
orbitals of the phenyl which interact are the occupied eg
and empty e*g orbitals. Therefore the antibonding
combination of eg and sHH is stabilized via an in-phase
combination with e*g. This results in a relatively low-
lying HOMO of b2 symmetry which is delocalized onto
the phenyl moiety as shown in 10. The bonding situation
in [Ph-H-H]- on the other hand is very similar to that in
the corresponding [Me-H-H]- fragment. Here the HOMO
is the antibonding combination of the highest occupied s
orbital of C6H5
- and sHH, stabilized by the in-phase
mixing with s*HH. The interaction with the p system of
the phenyl group is insignificant in this case. The energy
of the HOMO of [Ph-H-H]- is close to that of the HOMO
of C6H5
- which is itself close to the HOMO of
[H-Ph-H]-. Consequently the two fragments [Ph-H-H]-
nd [H-Ph-H]- are essentially at the same energy.
This result is related to the relative ability of an arene and
alkane to stabilize an incoming nucleophile. Thus the
structure of transition state 5 is similar to that of the well-
documented Meisenheimer salts, formed from
nucleophilic addition to a phenyl ring system. Our study
suggests that 5 is energetically attainable. However the
corresponding alkyl structure, 7, is very high in energy
and indeed, no alkyl analogues of the Meisenheimer salts
are known. Nucleophilic addition is possible at a phenyl
ring but not at an non-activated alkane.
Comparison with experimental observations
The above analysis of the influence of R on the two kinds
of transition state is in good agreement with experimental
obs rvations 1, 2, 3. As a result of the considerably better
bonding situation within the [Me-H-H]- fragment vs the
[H-M -H]- fragment metalation is more facile than H/H
(H/D) exchange for alkanes.  In contrast, for benzene the
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Figure 5. - Orbital interaction diagrams for the formation of [H-Me-H]- and [Me-H-H]- fragments from Me- and H · · · H.
Figure 6. - Orbital interaction diagrams for the formation of [H-Ph-H]- and [Ph-H-H]- fragments from Ph- and H · · · H. The unoccupied orbitals
of the [Ph-H-H]- fragment are omitted as they play no sigmficant role in bonding.
bonding situation within [H-Ph-H]- is comparable to
that in [Ph-H-H]- resulting in an expected competition
between  the  two  processes.   H/D  exchange  reactions
of Cp*2LnR systems (Ln = Sc, Y, Lu) with alkanes are
reported to be slow in contrast to the metalation of
alkane  which is well known for these complexes.  For
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arenes however, both metalation and H/D exchange are
observed, the latter reaction being faster.
Although the above analysis is in our opinion a
convincing rationale for the experimental facts, one
should keep in mind that alternate mechanisms may be
possible. The first one which comes to mind would
involve a four membered ring of type 2 alone. This
species could lead either to metalation (as hypothesized
in this work) and also to an H2 complex. Facile rotation
of H2 could then occur and decoordination of the
reformed RH results in H/H exchange. The formation of
an H2 complex via transition state 2 is certainly a favored
step. Ziegler et al. have calculated this H2 complex to be
slightly more stable than the four membered equivalent
of 2 7. It is however difficult to imagine how this
reaction sequence would explain the strong dependence
on R for the two processes. No rate determining step can
be expected after formation of transition state 2 since
rotation of H2 is always an extremely fast step. As
mentioned above the hypothesis of a unique transition
state is not in agreement with the kinetic data since, in
the case of an aryl group, the H/H exchange process is
much faster than the metalation process.
Is it possible to activate alkanes toward the H/H
exchange reaction? The presented analysis suggests that
lowering of the energy of the HOMO of the [H-R-H]-
fragment could be helpful. The delocalization of the
HOMO into the R group is a way to achieve this goal.
This can be done by introducing phenyl rings on the a
sp3 carbon which explains why H/H exchange has been
indeed observed on the Me group of toluene.
The reactions of primary alkynes show that the presence
of a p system may not in itself be sufficient to promote
the H/H exchange process. An ab i itio study by Rappé
has suggested that reaction via an intermediate such as 5
is not favored and that both s-bond metalation and
insertion reactions are energetically more favorable 6. It
as shown that in the transition state of type 5, which
would be on the reaction path for the direct H/H
exchange  process,  a  significant  amount  of  electronic
density remained in the carbon p orbital situated in the
mirror plane bissecting the two Cp groups (modeled by Cl
in this study). This electronic density is responsible for a
destabilizing interaction which disfavors this mechanism.
In our analysis, this suggests that the p*CC orbital situated
in the mirror plane is not as efficient as the phenyl ring for
stabilizing the b2 orbital. Introducing p electron acceptor
sub tituents on the primary alkyne may more effectively
stabilize the b2 orbital and promote the H/H exchange
proc ss. Furthermore catalytic dimerization seems to
dominate in the case of primary alkynes 9.
Conclusions
In this study, we have shown that H/H (H/D) exchange
between (Cp*2LnH)2 (Ln = Lu, Y) and arenes can be
explained in terms of -bond metathesis via transition state
1 involving a direct single step H/H (H/D) exchange. For
arenes, this process can effectively compete with the
conventional s-bond metathesis via transition state 2
leading to metalation of arenes. For alkanes, the situation is
different. Metalation is more favorable and direct H/H
(H/D) exchange is not expected to compete indicating that
the direct H/H (H/D) exchange reaction depends strongly
on the hydrocarbon molecule. We have shown that the ease
with which an RH molecule may undergo the H/H
exchange process is associated with the ability (large for an
sp2 carbon, small for an sp3 carbon) of the a carbon to
stabilize an entering nucleophile.
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